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Abstract
Combustion-based methods are attractive for space manufacturing because the use of
chemical energy stored in reactants dramatically decreases the required external energy input.
Recently, a sintering technique has been developed for converting lunar/Martian regolith into
ceramic tiles, but it is unclear how to build a reliable launch/landing pad from these tiles with small
amounts of energy and materials. Here the feasibility of joining regolith tiles using selfpropagating high-temperature reactions between two metals powders is explored. Combustion of
a 1:1 molar aluminum/nickel mixture placed in a gap between two tiles, made of JSC-1A lunar
regolith simulant, was studied in an argon environment at 1 kPa pressure. Stable propagation of
the combustion front was observed over the tested range of distances between the tiles, 2 – 8 mm.
The front velocity was found to increase with increased spacing between the tiles. Joining of the
tiles was achieved in several experiments and improvement with increasing the tile thickness was
observed. Measurements of the thermophysical properties of the tiles, the reactive mixture, and
the reaction product revealed that thermal diffusivity of the product is higher by two orders of
magnitude than that of the initial mixture or the tiles. A model for steady propagation of the
combustion wave over a condensed substance layer placed between two inert media was applied
for analysis of the investigated system. Testing the model with different values from the obtained
range of thermal diffusivities has resulted in reasonable agreement between the experimental and
modeling dependencies. Both the experimental and modeling results indicate that the quenching
distance in the investigated system is lower than 2 mm, which implies that a small amount of the
reactive mixture would be required for sintering regolith tiles on the Moon.
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Chapter 1: Introduction
Recently, interest in manned landings on the Moon and Mars has increased, not only in the
United States, but in countries with emerging space programs such as China, India, and South
Korea, as well as private enterprises such as Space X and Blue Origin. This increased attention has
revived a problem from the Apollo landings that has not yet been satisfactorily resolved- the
problem of dust mitigation. The lunar surface is covered in a layer of loose rock and dust known
as regolith. This layer is thought to be up to 15 m thick in the highland areas of the region of the
Moon, and as little as a few centimeters near some craters. [1] The regolith is thought to be
produced by meteorite impact with the bedrock over the lifetime of the Moon; each successive
impact breaks up rock as well as turning over fine dust particles. As the layer has deepened over
millions of years, however, increasingly violent impacts are required to reach the bedrock in
mature locations, and repeated smaller impacts have the effect of turning over the existing dust
and smaller rocks. [1]
Dust Mitigation in Lunar/Martian Missions
The top layer of the regolith consists of a very fine dust, gray in color, about 1-2 mm thick.
[1,2] It is this loose layer which can pose the greatest danger landing or launching spacecraft, as
well as any equipment nearby. Specifically, the exhaust plume from the rocket nozzle can cause
failure of the regolith and propel it away from the point of launch/landing. Two such examples of
this hazard include the Apollo 12 and 15 landings. During the Apollo 12 descent phase, the
astronauts reported the first appearance of a dust plume at approximately 100 ft above the lunar
surface. At about 40 feet, the lunar surface was completely obscured. [3] Beyond the danger
inherent in landing essentially blind, the Apollo 12 landing was unique in that the landing site was
chosen for its proximity to the Lunar Surveyor III unmanned lander. Parts of the craft were
removed and returned to Earth. In addition to an overall wear of these sections from exposure to
the lunar environment, sections facing Apollo 12 were found to be pitted with dust and debris from
1

the landing less than 200 m away. [4,5] Based on analysis of the parts, it is estimated that the
particles reached velocities of up to 2000 m/s, approaching the escape velocity of the Moon. [4] In
the case of Apollo 15, visibility was lost approximately 60 feet above the surface, and at 30 feet
began to affect the landing radar. [3] As a result, the astronauts were unable to identify the rim of
a crater at the landing site. Upon landing, the lunar module rocked 11° from vertical and came to
rest on three legs, with the fourth lifted off the surface and supporting no weight. [5] Clearly, based
on these examples, blowing dust is a significant hazard during lunar operations, and is expected to
be on Mars as well. Moreover, due to the estimated range of such blowing dust, particularly in low
gravity, merely landing farther away from established equipment would not only prove to be
impractical over time, but ultimately ineffective as a solution as well.
To address these concerns, various techniques of dust mitigation have been investigated.
These have included polymer surface stabilization [6], in which a polymer is sprayed on the surface
and cured, resulting in a condensed, dust-free surface. In addition, several research groups have
investigated ways of consolidating regolith into construction materials, from which launch/landing
pads could be constructed. These techniques have included high-temperature sintering [6] as well
as combustion synthesis reactions [7-13]. These proposals have the additional benefit of using the
regolith found on the Moon or Mars as a base material, a concept known as in-situ resource
utilization (ISRU). By fabricating materials using ISRU, the amount of material required to be
brought from Earth is reduced, thereby reducing the size, complexity, and cost of the overall
mission.
Of these, high-temperature sintering of regolith into tiles has been experimentally
completed at the Granular Mechanics and Regolith Operations Lab at NASA’s Kennedy Space
Center [6]. The process involves placing an amount of lunar regolith simulant, JSC-1A, into a
ceramic mold and heating to 1125°C. Note that JSC-1A is considered a chemical simulant, with a
chemical composition similar to lunar samples, as shown in Table 1.1 [14]. Once cooled, the
regolith simulant forms a solid, brick-like tile, in the shape and thickness of the mold. For the
application on the Moon or Mars, a solar collector has been considered as a means of sintering
2

regolith [6]. These tiles have been shown to withstand simulated thruster fire using high pressure
nitrogen; however, small gaps between the tiles proved vulnerable to the high velocity gases and
became a point of failure for the larger structure [6].

Table 1.1: Chemical Comparison of Lunar Regolith Sample and JSC-1A Simulant.

Apollo 17
Sample 70051

JSC-1A

Wt.%

Wt.%

SiO2

42.2

45.7

Al2O3

15.7

16.2

CaO

11.5

10.0

MgO

10.3

8.7

FeO

12.4

-

Fe2O3

-

12.4

Na2O

0.2

3.2

K2O

0.1

0.8

TiO2

5.1

1.9

P2O5

-

0.7

MnO

0.2

0.2

Constituent

SHS and Combustion Joining
To fabricate a structure such as launch/landing pads from these tiles, however, a method of
joining them together is desired. Combustion joining, a technique based on the principles of selfpropagating high-temperature synthesis (SHS), shows promise as a method for combining the tiles
together. SHS involves an exothermic reaction between two condensed materials, usually powders,
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in which enough heat energy is produced to heat adjacent material to the ignition temperature, thus
producing a self-propagating reaction. [15] Such a reaction will continue until the conditions for
combustion are removed, such as exhaustion of the combustible mixture or an increase of heat
transfer to the environment to such an extent that the adjacent material cannot reach the ignition
temperature. As the combustion front moves forward, the desired reaction product cools in its
wake. The technique has the advantage of producing materials with low amounts of impurities, as
most volatiles are lost as gas due to the heat of the reaction. However, this tends to result in porous,
low density product materials. Of particular interest in the current context is that SHS usually
involves a reaction of condensed phase reactants, requiring no oxygen or other gases to occur. [16]
In addition, once the reaction has been initiated, no further heat source is required. While this
cannot necessarily be considered an energy-saving process, as the pure reactants require additional
energy prior to the reaction, it does allow for a limited external energy requirement if the reactants
are available. [17]
Combustion joining is the method of applying the techniques of SHS to join two parts
together. The reactive mixture is placed into a gap between two parts and ignited, simultaneously
producing heat to melt the edges of the parts and forming a molten product to join the two pieces
together. Perhaps the most widely known example is the use of “thermite” reactions involving
aluminum and a metal oxide. [18] Such a reaction, involving iron oxide, is used to weld railroad
tracks together. The aluminum reduces the iron oxide, producing a two-phase product of alumina
and pure iron. Together with the heat of the reaction, this technique would join the tracks together
via the product (iron). Note that gravity may separate such multiple products based on density.
The present work intends to apply the techniques of combustion joining to the problem of
joining regolith tiles together. JSC-1A regolith simulant begins to melt at 1120°C [14], a
temperature readily achievable by SHS reactions. For the purposes of these experiments, a nickelaluminum intermetallic mixture was chosen. Thermodynamic calculations done using THERMO
software suggest an adiabatic combustion temperature of 1912 K (1639°C) for this mixture, with
the product 42% liquid/ 58% solid immediately following combustion. This is well above the
4

expected melting point of the tiles, which should therefore interact with the molten combustion
product. Intermetallic reactions also have the added benefit of a single phase product, while many
thermite reactions often result in a two-phase product which may separate due to gravity. It is
believed that such a two-phase product would reduce the properties of the joining.
Research Objectives
The goals of this research are to investigate the feasibility of using combustion joining to
combine sintered regolith tiles into larger structures. As described above, a nickel-aluminum
mixture was chosen to ensure a single product compound. To better understand the combustion
propagation, the thermophysical properties of the relevant materials, including the JSC-1A regolith
tiles, the Al/Ni reactive mixture, and the NiAl product were to be determined. These included the
density, thermal diffusivity, and specific heat of each material, from which the thermal
conductivity of each could be calculated. With this information, an appropriate model was to be
examined for the combustion front propagation, to allow the process to be scaled up at some point
in the future, if desired.

5

Chapter 2: Experimental
Testing of the combustion joining involved several pieces of equipment at various stages.
The process can be generally divided into tile preparation, powder preparation, and combustion
testing, as well as separate testing of the thermophysical properties of the regolith tiles.
Tile Preparation
The tiles were prepared from JSC-1A lunar regolith simulant. The simulant is stored in an
enclosed bin at the Granular Mechanics and Regolith Operations Lab on Kennedy Space Center,
Florida. The bin is located indoors, but should not be considered to be airtight. The JSC-1A
simulant was removed as necessary and placed into pre-made ceramic molds. These molds, with
simulant, were then placed into an oven at 200°C for several hours to remove residual moisture
from both the regolith and the ceramic. The molds were then removed to a ceramics kiln located
outside of the lab for firing. The simulant was heated to 1125°C over the course of 4-6 hours, and
held at that temperature for one hour. Following the temperature hold, the tiles were allowed to
cool naturally to ambient temperature overnight, resulting in a tile as shown in Figure 2.1. The
final tiles were approximately 100 mm square with rounded corners, and three different
thicknesses of 9.2 ± 0.5, 17.2 ± 0.4, and 27.5 ± 0.6 mm. The tiles were then removed from the
molds and secured in Ziploc bags for transportation to the University of Texas at El Paso.
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Figure 2.1: Regolith tile, as received from KSC.
Once received at UTEP, the tiles were cut into the required sizes for combustion
experiments. Experiments were conducted using either 32 mm square or 32 mm x 64 mm
rectangular shapes, keeping the original thickness of the tiles. The tiles were arranged on a brass
tile holder in arrangements of 4 square or 2 rectangular tiles. An experimental powder gap of 2, 4,
6, or 8 mm was established between the tiles using steel pins of respective size. The tiles were held
in place horizontally and vertically by two sets of two brass retaining bars secured by threaded
bolts. In some experiments, a 27.5 mm tile was cut so as to create an equivalent stack of two tiles,
and a C type thermocouple (95%W/5%Re-74%W/26%Re, wire diameter 76.2 µm, Omega
Engineering) centered between them before the powder was added. In such cases, the overall
height of the tiles was reduced to 25.4 ± 0.6 mm. Thermal paper (3-6 mm thickness) was used to
protect the tile holder surface from the reaction heat, as well as reduce heat losses to the base of
the tile holder. Once the tiles were properly loaded into the holder, the entire apparatus was moved
into the glove box for powder loading.
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Powder Preparation
The nickel and aluminum powders were purchased from Alfa-Aesar. The aluminum
powder was 97.5% pure, with a particle size of 3.0-4.5 µm. The nickel powder was 99.9% pure,
with a particle size of 3-7 µm. Both powders were used as delivered from the vendor; no additional
milling was done. The powders were measured to a 1:1 molar ratio under a nitrogen environment
in the glovebox. The powders were combined into a mixing container and sealed. The sealed
container was then removed from the glovebox and secured in a three dimensional inversion
kinematics mixer (Inversina 2L, Bioengineering) for one hour for mixing of the powders (see
Figure 2.2). The container was then returned to the nitrogen environment of the glovebox and
opened. The mixed powder was placed into a plastic storing container and the container secured
inside a desiccator in the glovebox.

Figure 2.2: Inversina 2L 3-D Inversion Kinematics Mixer.
Once the tile holder was loaded and placed into the glovebox, the powder container was
removed from the desiccator. The tile holder was secured onto a Gilson SS-28 Vibra-Pad shaker.
8

The mixed Ni-Al powder was placed into the gap(s) between the tiles using a lab spatula until the
void was filled. The shaker was turned on, allowing the powder to settle into the gap. Additional
powder was added until the powder level settled at the top of the tiles. The shaker was then left on
for an additional five minutes to ensure settling. This procedure was used to ensure a uniform
density throughout the powder mixture.
Combustion Experimental Setup
The tile holder, now loaded with both tiles and powder, was placed into a plastic container
and removed from the glovebox. The container was moved to the laser ignition facility, an 11.35
L stainless steel chamber, as shown in Figure 2.3. The chamber is equipped with two window and
two door ports, as well as a zinc selenide window at the top to accommodate laser ignition. The
chamber is also equipped with a pressure transducer and thermocouple leads, as well as a
connection for a compressed gas cylinder. A relief valve and rupture disc are installed to prevent
over-pressurization of the chamber. The relief valve is set for 10 psig, while the rupture disc is
designed to burst at 28±2 psig. A GoPro Hero Session camera with a wireless internet connection
was installed inside the chamber, looking down, to record the combustion experiments. The GoPro
camera can be operated from any smartphone. Video was recorded on an SD card at 60 frames/s.
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Figure 2.3: Laser Ignition Vacuum Chamber.
The laser directed into the combustion chamber is a Firestar ti-60, an air-cooled 60W CO2
laser. A beam bender re-directs the beam into the top of the chamber through the ZnSe window.
The laser is aligned using a red visible laser diode pointer installed in the system. The infrared
beam of the actual laser is invisible to the naked eye. The laser emits a wavelength of 10.55-10.68
µm, with a beam on 2.0±0.3 mm. The laser is controlled via a LabView program on the adjacent
PC. A photo resistor is used to switch off the laser beam after ignition occurs. In addition, the laser
is equipped with a kill switch and flashing warning light during operation. A Synrad UC-2000
controller is used to set the laser at the appropriate power setting (95% of maximum, in this work).
Once the loaded tile holder was placed inside the chamber, the beam was aligned using the
laser diode pointer. The beam was aimed at the center of the tiles in a 4-tile experiment, and close
to one end in a 2-tile experiment. This was done to maximize the distance (about 50 mm) traveled
by the combustion front in 2-tile experiments to facilitate velocity measurements. When the beam
was properly aligned, the chamber was sealed. All windows were covered with aluminum foil to
minimize laser exposure except one to allow for lighting via a pair of LEDs. A vacuum pump
10

(Fischer Scientific Maxima C Plus) was started, reducing the chamber to below 1 kPa. The vacuum
valve was closed, and a second valve opened to allow the chamber to be re-pressurized with argon
gas. Once atmospheric pressure was achieved, the valve was closed. In this way, the system was
purged of air a total of three times. After the third time, the pressure in the chamber was reduced
to an argon atmosphere of 1 kPa. At this time, all valves were closed and the chamber was
considered sealed. The camera, pressure transducer, and any thermocouples were set to record.
The laser was engaged, igniting the powders and initiating a combustion front which traveled the
length of the powder, as shown in Figure 2.2. Once the combustion front was complete, the laser
was placed in safe mode and the argon flow was restarted to return the chamber to atmospheric
pressure. After pressure reached equilibrium, an outgassing valve was opened, relieving the excess
argon to the lab exhaust system. The chamber was purged in this manner for five minutes, at which
time the argon flow was closed and the chamber was opened.

Figure 2.4: Schematic of the Experimental Configuration.
Early combustion testing focused on establishing the procedure and experimental setup, as
well as verifying that the combustion front would propagate between the tiles. Later testing focused
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on determining the combustion front velocity and temperature. Video analysis for the front
velocity was done using Wondershare Filmore v8.5.0 video editing software.
Determination of Thermophysical Properties
To better understand and model the reaction propagation between the tiles, it is necessary
to know the thermophysical properties of the materials involved. While some information isavailable in literature, specific information about the powder mixture and the regolith tiles was
unavailable.
The specific heats of the materials were tested using a Netzsch DSC 404 F1 Pegasus
differential scanning calorimeter, shown in Figure 2.5. Testing was conducted under a 70 mL/min
argon flow using platinum crucibles with lids. Because platinum may affect melting or reaction
temperatures, an alumina liner was placed inside the crucible for testing involving the NiAl
product. First, a correction file was established using the crucible with no sample. Consecutive
tests were then conducted using a sapphire standard provided by Netzsch and the material to be
tested. In each case, the same crucible was used and the temperature profile consisted of a heating
phase to 40°C, where the temperature was held for 5 min, followed by the testing phase where the
temperature was increased at 10°C/min. The specific heat was determined by the Netzsch Proteus
Version 6.1.0 using the ratio method, shown in Equation 1, based on the known specific heat
profile of the sapphire standard. Testing was conducted in accordance with Netzsch
recommendations in the range of 40-500°C for regolith tiles and the NiAl product. For the Ni-Al
powder, testing was conducted from 40-125°C to avoid any reactions.
𝑐𝑝,𝑠𝑎𝑚𝑝𝑙𝑒 =

𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑚𝑠𝑎𝑚𝑝𝑙𝑒

𝐷𝑆𝐶𝑠𝑎𝑚𝑝𝑙𝑒 −𝐷𝑆𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

∗ 𝐷𝑆𝐶

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 −𝐷𝑆𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

∗ 𝑐𝑝,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

(1)

In addition to determining specific heats of experimental materials, the DSC was also used
to verify the melting point of the regolith tiles. While this information was available in literature
for JSC-1A lunar simulant, it was not specifically reported for the sintered tiles. A DSC test was
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therefore run using a 47.1 mg tile sample in an alumina crucible heated at a rate of 10 °C/min to a
maximum temperature of 1250°C to confirm the melting point (argon flow rate 70 mL/min).

Figure 2.5: Netzsch DSC 404 F1 Pegasus Differential Scanning Calorimeter
Thermal diffusivities were determined using a Netzsch LFA 457 MicroFlash laser flash
analysis instrument, as shown in Figure 2.6. A disc-shaped sample of the tested material,
approximately 12.5 mm in diameter, was coated in graphite and placed into an aluminum titanate
sample holder inset with a silicon carbide cap. To test the Al/Ni powder mixture, a sapphire pan
and lid was used. Testing was conducted at temperatures up to 500°C in argon environments with
a flow rate of 20 mL/min. Again, Al/Ni reactive mixtures were only tested to 125°C to prevent
reactions in the equipment. In each case, the instrument stabilized the temperature at
preprogrammed steps and completed a series of laser “shots” to determine the thermal diffusivity
of the tested material.
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Figure 2.6: Netzsch LFA 457 MicroFlash Laser Flash Analysis Instrument.
Finally, an X-ray diffraction test was conducted of the combustion products to confirm
their composition. The test was conducted using a Bruker D8 Discover XRD, Cu K-alpha 1, 0.154
nm. The scan was conducted in a 2θ range of 10 to 90° with a scan speed of 1 °/min and a step size
of 0.02°

14

Chapter 3: Experimental Results
Thermophysical Properties
The melting point of the JSC-1A tile was verified by a DSC measurement. Figure 3.6
presents the obtained DSC curve, which shows the same events that were observed in the
previously reported DTA curve for the original, not sintered, JSC-1A simulant [14]. The first
endothermic peak and the subsequent exothermic peak correspond to the glass transition and the
glass crystallization events, respectively, while the large endothermic peak beginning after 1100°C
indicates melting. That the tiles melt at temperatures well below the calculated adiabatic flame
temperatures of the Al/Ni combustion (1639°C) supports the hypothesis about the potential
positive effect of melting on the combustion joining.

Figure 3.6: DSC Curve of JSC-1A Lunar Regolith Simulant Tiles.
In the DSC measurements of specific heats, the results obtained for the tiles, the Al/Ni
reactive mixture, and the NiAl product are shown in Figure 3.7. As previously stated, the Al/Ni
mixtures measurements were kept below 125°C to ensure no reaction occurred.
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Figure 3.7: Specific Heats of Regolith Tiles, Ni-Al mixture, and NiAl Product.
The laser flash analysis revealed the NiAl product to have a much higher thermal
diffusivity than the other two materials. For this reason, the results are shown in two figures
(Figures 3.8 and 3.9). Note that the error bars correspond to one standard deviation.

Figure 3.8. Thermal Diffusivity of the Reactive Mixture and the JSC-1A Tiles.
16

Figure 3.9. Thermal Diffusivity of the NiAl Product.
The determination of the thermophysical properties was performed with the goal of
providing data for the combustion model that neglects their temperature variations and it was
decided to use the specific heats and thermal diffusivities at 500°C. Since the experimental data
for the Al/Ni mixture was only obtained up to 125°C, a comparison with the literature data on
specific heats of Al and Ni was conducted. At a temperature of 400 K (127 °C), specific heats of
Al and Ni were equal to 25.78 and 28.46 J/mol-K, respectively [19]. This leads to the specific heat
of Al/Ni equimolar ratio being equal to 0.633 J/mol-K, which is close to the obtained
measurements. Since the specific heats of Al and Ni are changing with increasing temperature, for
consistency the specific heat used for the Al/Ni mixture (1:1 at%) was 0.719 J/g-K, based on
literature data at 800 K (523°C) [19]. Note that this value coincides with the specific heat of the
NiAl product at 500°C. Regarding thermal diffusivity, it was decided to use the value 0.10 mm2/s,
close to the experimental data at 23-100°C.
The densities of all tested materials were calculated based on the measurements of mass
and volume at room temperature (23°C). The density of the Al/Ni mixture was determined in its
location in the sample holder after the vibrating procedure. The obtained value corresponds to
approximately 40% relative density (the theoretical density of a non-porous Ni-Al mixture is 5.164
17

g/cm3). The thermal conductivity of each material was then calculated based on the thermal
diffusivity, specific heat, and density. Table 1 shows the values of the thermophysical properties
that were accepted for use in modeling.
Table 3.1: Thermophysical Properties of the Studied Materials.
Material

Thermal

Specific heat

Density

diffusivity

Tiles
Reactive

Thermal
conductivity

mm2/s

J/g-K

g/cm3

W/m-K

0.268

1.038

1.84±0.20

0.512

0.1

0.719

2.10

0.151

7.83

0.72

2.21±0.16

12.46

mixture
Product

The XRD analysis (Figure 3.10) confirmed that the combustion product NiAl. All observed
peaks correspond to a single NiAl phase.

Figure 3.10: XRD Results of Combustion Product.
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Combustion Characteristics and Products
Initial testing involved two or four tile arrangements of varying sizes. The laser was aimed
at the center of the tile holder, and combustion front propagation moved outward. Combustion
front propagation was found to occur regardless of experimental gap size (2, 4, or 6 mm). Joining,
however, was inconsistent. Testing with smaller gap size (2 mm) and thinner tiles (9.2 mm) failed
to join during any testing. Larger gaps (4 mm and wider) and thicker tiles (17.2 and larger) were
found to join together, albeit not on a consistent basis. This was expected, as the larger gap sizes
obviously hold more powder, and lead to a higher combustion temperature, while thicker tiles have
a larger surface area exposed to the high temperatures and reaction products. These initial tests
showed that it was possible to join the tiles using the Ni-Al system, at least to the extent that the
tiles could support their own weight (see Figures 3.11 and 3.12).

Figure 3.11: Joining of two 12.7mm tiles.
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Figure 3.12: Joining of four 12.7mm tiles.
In addition, temperature readings were taken during some of these early tests. An example
of one such test is shown below in Figure 3.13. Note that the electromotive force is shown, not the
temperature reading. This is due to the use of C type thermocouples (tungsten-5% rhenium and
tungsten-26% rhenium), for which the relation between temperature and emf is non-linear. For
clarity, the temperature associated with certain emf readings is included. The particular experiment
shown involved 17.2 mm thick tiles with a 4mm experimental gap. In this test, a temperature of
1410°C was achieved, followed by a rapid cooldown of 900°C in the immediate 40 s.

Figure 3.13: Temperature Profile of JSC-1A Tiles with 4mm Gap.
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Additional testing focused on determining the combustion front velocity and temperature.
A total of 20 experiments were conducted, with five experiments conducted at each experimental
gap. The gaps tested were 2, 4, 6, and 8 mm, all using 27.5 mm tiles. In four of these experiments,
one at each gap size, the tile was cut in half horizontally. Each of the two original tiles was thereby
replaced with a stack of two tiles of roughly the same size, with a thermocouple wire held in place
by the two tiles. The thermocouple was placed so as to align the junction as closely as possible
with the center of the combustion front. The thermocouple readings for 2-mm and 4-mm
experimental gaps are shown in Figure 3.14. Because of the highly non-linear temperature relation
of Type C thermocouples, the electromotive force is shown on the y-axis, with dashed lines
indicating index temperatures. It is apparent that the 4-mm gap experiment produced higher
temperatures than a 2-mm gap. This is to be expected, as the 2-mm gap will be subjected to higher
heat losses relative to the size of the combustion front. Similar results were seen with a 6-mm gap.
When an 8-mm gap was tested, however, the corresponding temperature was found to be
significantly higher than the adiabatic flame temperature. This is likely due to an interaction
between the molten nickel-aluminum product and the tungsten-rhenium alloys of the C-type
thermocouple wire (tungsten-aluminum intermetallics have been previously reported in literature
[20]). As a result, the relationship between gap size and combustion temperature could not be
reliably determined.
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Figure 3.14: Thermocouple Readings During Combustion at 2-mm and 4-mm Gaps.
The combustion front velocity was found to increase with increasing gap size, as shown in
Figure 3.15. The velocity curve appears to be leveling off, with smaller velocity increases with
each increase in gap size. This is expected, as the combustion front eventually should reach a
maximum combustion velocity for a given mixture and circumstances.

Figure 3.15: Combustion Front Velocity with Respect to Experimental Gap Size.
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Despite the increasing gap sizes and larger amount of reactive mixture, however, joining
remained poor. During some tests, the joining was strong enough to support the tile weight as
before. In many tests, the NiAl product joined to one but not both of the tiles, or not at all. Because
the densities of the reactants and products are nearly the same, this does not appear to be the result
of shrinking of the product. It is likely a result of the combustion temperature not raising the
temperature of the tiles sufficiently high to melt. Note that the above temperatures were recorded
at the center of the combustion front, not at the edge near the tile. It is also possible that the thermal
contraction of the product material and/or tiles during cooling pulled the NiAl product off one or
both of the tiles, as the tiles were unable to move with such a contraction due to the braces and
pins.
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Chapter 4: Combustion Modeling and Discussion
To better understand the combustion process during these experiments, it was desired to
produce a mathematical model. This would also allow the process to be scaled up at some future
time, if desired.
Model Formulation
A two-dimensional model for steady propagation of the combustion wave over a condensed
substance layer placed between two inert media has been analyzed in [21,22]. Since the distance
between the tiles in our experiments was 2-8 mm and their height was 27.5 mm, the twodimensional model can be applied, with caution, to the investigated system (the effect of the finite
height increases with increasing distance between the tiles). Different types of this sandwich-shape
configuration were considered in [21,22]: (1) thermally thick combustible layer and thermally thick
inert media, (2) thermally thick combustible layer and thermally thin inert media, (3) thermally
thin combustible layer and thermally thin inert media, and (4) thermally thin combustible layer
and thermally thick inert media. It has been shown that, depending on the configuration, the
combustible behavior may be different. For example, when both the layer and the media are
thermally thin, there are no critical conditions for the flame propagation.
For the combustion joining of regolith tiles on the Moon or Mars, it is desired, of course,
to minimize the amount of the combustible mixture. Therefore, it makes sense to consider the case
in which the combustible layer is thermally thin. Note that “thermally thin” means that the
temperature distribution across the layer is negligible.
In the analysis for combustion of this configuration [21], it has been assumed that heat
propagates from the reaction zone to the fresh mixture, and, perpendicularly, to the inert media.
Assuming that the heat removed by the inert material is much smaller than the heat that propagates
into the fresh mixture, the characteristic thickness δ of the heated inert material is determined by:
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𝛿=

√𝛼𝑖 𝛼𝑟

(2)

𝑉

where αi and αr are the thermal diffusivities of the inert (tile) and reactive materials, respectively,
and V is the velocity of the combustion front. Use of this expression in the energy balance leads
to a simple relationship between the front velocity V and the combustion temperature Tc:

𝑉=

2𝛼𝑟 (𝑇𝑐 −𝑇∞ )
𝑑 (𝑇𝑎

(𝜆𝜌𝑐)

𝑖
√
−𝑇 ) (𝜆𝜌𝑐)
𝑐

(3)

𝑟

where Ta is the adiabatic flame temperature, T∞ is the ambient temperature, Tc is the actual
combustion temperature, d is the thickness of the burning layer (i.e., the distance between the
two inert media), λ is the thermal conductivity, ρ is the density, and c is the specific heat.
Note that the distance d influences the front velocity V not only as the term in the
denominator but also through the combustion temperature Tc: with decreasing the distance, the
heat losses increase and the combustion temperature decreases, leading to a lower combustion
front velocity and to the appearance of combustion limits. In order to predict the effect of the
distance on the front velocity and also determine the quenching distance, it would be convenient
to use relationships that do not include the combustion temperature Tc.
For a zero-order reaction and E/(RT) >> 1, the combustion front velocity is described by
the formula [20], where Va is the adiabatic combustion front velocity and E is the activation energy:

𝑉 = 𝑉𝑎 exp [−

𝐸(𝑇𝑎 −𝑇𝑐 )
2𝑅𝑇𝑎 𝑇𝑐

]

(4)

The reaction rate and hence the adiabatic combustion front velocity are dependent not only
on the activation energy, but also on other factors. For example, in experiments [16,23] with
cylindrical samples of Al/Ni mixtures, the front velocity ranged from about 10 mm/s to over 100
mm/s, depending on the porosity and particle size of the Al particles. It is also possible that
different powders of the same metal may have different impurities and different properties of the
oxide layer, which may affect the kinetics unpredictably. Therefore, the adiabatic combustion front
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velocity can only be determined experimentally for the mixture of specific powders with specific
porosity and particle size.
Using Eqs. 2 and 3, the following transcendental equation has been derived:

𝑉

𝑉 ∙ 𝑙𝑛 ( 𝑎 ) =
𝑉

𝛼𝑟 𝐸(𝑇𝑐 −𝑇∞ )
𝑑

𝑅𝑇𝑎 𝑇𝑐

(𝜆𝜌𝑐)

√(𝜆𝜌𝑐) 𝑖

(5)

𝑟

Let us assume Tc = Ta − ∆T. The assumption of relatively small heat loss to the inert
material allows one to neglect (ΔT/Ta)2 and T∞ΔT/ Ta2, leading to the following transformation:
𝑇𝑐 −𝑇∞
𝑇𝑐

=

𝑇𝑎 −∆𝑇−𝑇∞
𝑇𝑎 −∆𝑇

=

𝑇𝑎 (𝑇𝑎 −𝑇∞ )−𝑇∞ ∆𝑇−∆𝑇 2
𝑇𝑎2 −∆𝑇 2

=

𝑇𝑎 −𝑇∞
𝑇𝑎

−

𝑇∞ ∆𝑇
𝑇𝑎2

=

𝑇𝑎 −𝑇∞
𝑇𝑎

(6)

Thus, Equation 4 can be replaced with the following equation:

𝑉

𝑉 ∙ 𝑙𝑛 ( 𝑎 ) =
𝑉

𝛼𝑟 𝐸(𝑇𝑎 −𝑇∞ )
𝑅𝑇𝑎2

𝑑

(𝜆𝜌𝑐)

√(𝜆𝜌𝑐) 𝑖

(7)

𝑟

It is convenient to use the dimensionless parameter γ [20]:

𝛾=

𝛼𝑟 𝐸(𝑇𝑎 −𝑇∞ )
𝑅𝑇𝑎2

𝑉𝑎 𝑑

(𝜆𝜌𝑐)

√(𝜆𝜌𝑐) 𝑖

(8)

𝑟

Then, Equation 6 can be rewritten as:
𝑉

𝑉

(8)

𝛾 ( 𝑎 ) = 𝑙𝑛 ( 𝑎 )
𝑉
𝑉

The velocity at the quenching distance is less than Va by e times (γ = e-1) and the quenching
distance for the given Va can be determined from:
𝛼 𝐸(𝑇𝑎 −𝑇∞ )

𝑑𝑞 = 𝑒 𝑉 𝑟

𝑎

𝑅𝑇2𝑎

(𝜆𝜌𝑐)

√(𝜆𝜌𝑐) 𝑖

(9)

𝑟
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Application of Thermophysical Properties to Model
This analysis has been applied to the system under investigation. The activation energy of
the Al-Ni reaction was assumed to be 76 kJ/mol [16,23-24]. As noted in the introduction, Ta =
1912 K. The thermophysical properties of the tiles and the reactive mixture were taken as shown
in Table 1: ai = 0.268 mm2/s, ci = 1.038 J/(g·K), ρi = 1.84 g/cm3, λi = 0.512 W/(m·K), ar = 0.1
mm2/s, cr = 0.719 J/(g·K), ρr = 2.10 g/cm3, λr = 0.151 W/(m·K). At these parameters, parameter γ
is:

𝛾=

0.837

𝑚𝑚2
𝑠

(10)

𝑉𝑎 𝑑

Solving Equation 8 at γ calculated with Equation 10 for different values of Va and d
generated the dependence of the front velocity on the distance d for each Va. Also, using Equation
9, the quenching distance was determined for each Va. To investigate the sensitivity of the
theoretical combustion front velocity to thermophysical properties, we have repeated the
calculations at the thermal diffusivity of the NiAl product, 7.83 mm2/s (see Table 3.1), as well as
the thermal diffusivity of 1.0 mm2/s, which is roughly in the middle between the values for the
reactive mixture and the combustion product. Figure 4.1 shows the obtained dependencies. For
comparison, the experimental front velocities are also shown.
Figure 4.1 shows the obtained dependencies. For each curve, the lowest velocity
corresponds to the quenching distance. For comparison, the experimental velocities are shown as
well. It is seen that the predicted dependencies qualitatively describe the observed increase in the
front velocity with increasing the distance, but there are clear quantitative discrepancies. As
compared with the experimental curve, the 0.1 mm2/s curves have a very small slope in the range
of 2-8 mm, while the 7.83 mm2/s curves predict too large quenching distances. The 1.0 mm2/s
assumption produces a better agreement with the experimental data.
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Figure 4.1: The Combustion Front Velocity at Different Values of the Adiabatic Combustion
Front Velocity.
Comparison of the experimental and predicted values of the front velocity shows that the
adiabatic front velocity may be around 10 mm/s. It might be thought that experiments at larger
distances would allow one to determine the adiabatic combustion front velocity, which would
prove useful in comparisons of modeling and experimental data. However, it was decided not to
conduct experiments at distances larger than 8 mm because the height of the system was only
27.5±0.6 mm and increasing the distance would make the geometric configuration too different
from the used two-dimensional setup. Note that increasing the height was technically difficult in
the used experimental setup, as the door ports on the vacuum chamber limited the cross-section of
what could be placed inside.
The discrepancies between modeling and experimental data could be caused by the
assumption of constant thermophysical properties, which were taken at a relatively low
temperature in the calculations. In reality, the thermophysical properties of the reactive mixture
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are dependent on the temperature and the mixture composition, which are both changing during
the process. The observation of a better agreement with experiment at a diffusivity of 1.0 mm2/s
implies that the model works well a that further improvement could be achieved by accounting for
the variation of thermophysical properties with temperature.
The discrepancy could also be caused by larger actual heat losses from the reactive mixture
than accounted for in the model. The heat losses by radiation are not taken into account in the
model, where the system is infinitely long in the vertical direction. This leads to higher
temperatures and hence higher velocities in the model. Note that in the applications, radiative heat
losses will be less important when thicker tiles are used.
The used assumption of a small heat flux to the tiles as compared with that to the reactive
mixture is described by the following inequality [20]:

𝜌𝑖 𝑐𝑖 𝛿 ≪ 𝜌𝑟 𝑐𝑟

𝑑

(12)

2

At d = 2 mm, the heat flux in the right side of Equation 12 is equal to 0.151 J/cm2-K. Based
on Equation 1, the characteristic thickness δ of the heated tile is equal to 0.086 mm at αr = 1 mm2/s
and V = 6 mm/s. Then the heat flux in the left side of Equation 12 is equal to 0.016 J/cm2-K, i.e.,
the assumption is valid. With increasing distance between the tiles, the front velocity increases
relatively slowly (see Figures 3.4 and 4.1) and hence the validity of the assumption improves.
An interesting result of both experimental and modeling studies is that the quenching
distance in the investigated system is very small, 0.2-0.9 mm in modeling when αr = 0.1-1 mm2/s
and less than 2 mm in the experiments (it was difficult to conduct experiments at lower distances).
This is an encouraging result for space applications because the smaller the distance between the
tiles, the smaller amount of metal that is required to be transported from Earth or recovered from
in-situ resources.
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Chapter 5: Conclusions
Summary of Results
Experiments on the combustion of Al/Ni reactive mixtures between JSC-1A tils under a 1
kPa argon environment have been conducted. Regardless of the experimental gap size, the
combustion front consistently propagated between the tiles. This indicates that the real quenching
distance is below 2 mm, which is supported by the modeled results. Further, because the
combustion front was able to easily propagate in the inert, low pressure atmosphere of the chamber,
this suggests that such a combustion joining reaction would likely be able to occur on the Moon
or Mars.
Joining of the tiles, however, remained inconsistent in experimental testing. While several
experiments resulted in a joint strong enough to support the weight of the tiles, many experiments
failed to join the two or four tiles together. In some of these failed trials, however, the NiAl product
did join to one of the tiles, but not both. While this is somewhat speculative, this suggests the
possibility that thermal contraction pulled the product material off one or both of the tiles during
cooling. The pins used to establish the gap prevented the tiles from contracting with the NiAl
material.
As expected, front velocity increased with wider experimental gaps. The front velocity
seemed to be rising to a limit, the adiabatic velocity, but this exact measure remains unknown,
either experimentally or theoretically. The nature of the model assumptions precluded continued
widening of the gap, as the height of the tiles in relation to the combustion front could no longer
be considered infinite. Temperature measurements proved inconclusive due to an apparent reaction
with the thermocouple material.
Testing of the thermophysical properties of the tiles, the reactants, and the products was
conducted using differential scanning calorimetry and laser flash analysis. It was found that the
NiAl product had a thermal diffusivity and conductivity two orders of magnitude higher than that
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of the reactants or tiles, affecting the model assumption that these properties of the reactants and
products would be constant.
A two-dimensional model of the steady propagation of the combustion wave over a
condensed layer placed between two inert media has been applied to the investigated system. The
discrepancy in thermophysical properties led to varying the properties in the system; this led to
better agreement between the experimental and modeled results.
Both the modeling and experimental results suggest that the quenching distance in the
investigated system is below 2 mm. It was not feasible in the present system to conduct
experiments with a smaller experimental gap, and would likely be impractical to attempt in the
proposed application. However, the low value does imply that only a small amount of the reactive
mixture would be required for joining such tiles on the Moon or Mars.
Future Work
To increase the success of the joining technique, several further areas of interest could be
investigated. First, a more exothermic reactive mixture could be examined, such as the titaniumboron system. The increased heat release from the reaction would increase the characteristic
thickness of the tiles, and therefore expose a larger volume of the tiles to partial melting. This
should increase the interaction zone between the tiles and the reaction product, and improve the
qualities of the joining. However, such research would also have to consider the material properties
of the joining material, such as brittleness and thermal expansion.
A second area of improvement would involve the experimental setup. Because of the steel
pins, the thermal expansion of the product material first pushed against the tiles, and, during
cooling, pulled them together. However, because the pins would not allow the tiles to move any
closer together, the effect likely became the NiAl product pulling away from the tiles. As a result,
the joining failed. This could be improved by using a mechanism to push the two tiles together
during combustion, or allow more freedom of movement of the tiles during cooling, perhaps with
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some type of spring mechanism. Such a setup should allow the tiles to move with the thermal
contraction of the NiAl or other reaction product.
Thirdly, the use of alternating layers of bi-metallic foils may improve the joining
properties. Rather than using a relatively low density powder, foils would have the advantage of a
higher density reactant.
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